Telomerase emerged during evolution as a prominent solution to the eukaryotic linear chromosome end-replication problem. Telomerase minimally comprises the catalytic telomerase reverse transcriptase (TERT) and telomerase RNA (TR) that provides the template for telomeric DNA synthesis. While the TERT protein is well-conserved across taxa, TR is highly divergent amongst distinct groups of species. Herein, we have identified the essential functional domains of TR from the basal eukaryotic species Trypanosoma brucei, revealing the ancestry of TR comprising two distinct structural core domains that can assemble in trans with TERT and reconstitute active telomerase enzyme in vitro. The upstream essential domain of T. brucei TR, termed the template core, constitutes three short helices in addition to the 11-nt template. Interestingly, the trypanosome template core domain lacks the ubiquitous pseudoknot found in all known TRs, suggesting later evolution of this critical structural element. The template-distal domain is a short stem-loop, termed equivalent CR4/5 (eCR4/5). While functionally similar to vertebrate and fungal CR4/5, trypanosome eCR4/5 is structurally distinctive, lacking the essential P6.1 stem-loop. Our functional study of trypanosome TR core domains suggests that the functional requirement of two discrete structural domains is a common feature of TRs and emerged early in telomerase evolution.
INTRODUCTION
The emergence of linear chromosomes during the early evolution of eukaryotes prompted the need for special mechanisms to protect chromosome ends and prevent DNA shortening, a consequence of the end-replication problem (1) . Telomeres are specialized DNA-protein structures that cap chromosome ends and safeguard against genome instability (2) . Telomere function is highly dependent on telomeric DNA length, which is maintained by the telomerase ribonucleoprotein (RNP) enzyme that is specialized for telomeric DNA synthesis (3, 4) . The functional core of the telomerase RNP comprises the catalytic telomerase reverse transcriptase (TERT) and integral telomerase RNA (TR) component that harbors the template sequence for DNA synthesis (5) . TRs are remarkably divergent in size, sequence and secondary structure (6) . This massive disparity was presumably driven by TR adopting a variety of structural elements for binding species-specific proteins in different evolutionary lineages for employing a multitude of diverse biogenesis pathways.
Despite the extensive disparities amongst TRs from distinct groups of species in eukaryotes, there has been considerable progress toward the identification of common, essential and implied ancestral TR structural elements. Secondary structure determination of TRs from vertebrates, invertebrates, fungi and ciliates revealed two critical and conserved structural features: (i) a template-proximal pseudoknot and (ii) a template-distal stem-loop moiety (7) (8) (9) (10) . While the precise functions of these elements have yet to be determined, the pseudoknot structure has been proposed to facilitate template positioning within the TERT active site (11) . The vertebrate TR template-distal stem-loop moiety, termed conserved regions 4 and 5 (CR4/5), comprises a helical three-way-junction with two short highly conserved stem-loops, P6 and P6.1, and is absolutely critical for telomerase enzymatic function (12) . Vertebrate CR4/5 has been postulated to allosterically facilitate TERT domain folding based on its binding affinity and close proximity to two TERT domains (13, 14) . In the invertebrate echinoderm TR, a template-distal helical region that lacks a threeway-junction can reconstitute telomerase activity in trans, which is functionally equivalent to vertebrate CR4/5 and thus termed equivalent CR4/5 (eCR4/5) (10). In contrast, budding yeast template-distal moieties are structurally similar to vertebrate CR4/5, comprising a three-way-junction of large helices which, however, lack the short P6.1 stemloop (15) . Interestingly, the recent identification and functional characterization of filamentous fungal TRs reconciled the disparity amongst budding yeast and vertebrate TR template-distal stem-loop moieties (8) . Filamentous fungal and fission yeast TRs contain template-distal moieties with secondary structures virtually identical to verte-brate CR4/5 and are absolutely essential for telomerase enzymatic activity (8, 14) . The immense structural and functional conservation in both vertebrate and fungal TRs indicate that CR4/5 is an ancestral TR structural element common to metazoan and fungal TRs.
Despite being the first identified, ciliate TRs are highly atypical compared to metazoan and fungal TRs (16) . Ciliate TRs are transcribed by RNA polymerase (pol) III and contain a terminal poly(U) tract that is common for small RNAs (17) , while vertebrate and fungal TRs are transcribed by RNA pol II with nascent poly(A) tails that are removed by 3 -end processing with the exception of budding yeast RNA pol II transcription termination by the Nrd1-Nab3-Sen1 pathway (18) (19) (20) (21) (22) (23) (24) . The recently identified TR from the flagellated protozoan Trypanosoma brucei was found to be approximately one kilobase-pair in length, transcribed by RNA pol II, and the nascent transcript trans spliced with a spliced leader RNA common for trypanosome mRNAs (25, 26) . Additionally, T. brucei TR (tbrTR) contains canonical snoRNA box C/D moieties and is bound by the box C/D snoRNP proteins Nop58 and Snu13 (26) . Flagellated protozoans are considered amongst the earliest branching eukaryotes (27, 28) , strongly supporting the prevalent RNA pol II machinery for TR transcription as ancestral and RNA pol III employed uniquely for ciliate TRs as later evolved. Discerning features common to all TRs has remained daunting. However, trypanosome TR is a plausible candidate for resolving the disparities amongst ciliate and vertebrate-fungal TRs to better expose the origins of telomerase RNP.
Herein, we report the functional and structural analyses of flagellate TR, revealing the minimal regions of the RNA necessary for in vitro reconstitution of trypanosome telomerase activity with the TERT protein. While the vast majority of flagellate TR is dispensable for telomerase activity, therein lies two conserved structural domains that can independently assemble with the TERT protein and are both required for telomerase enzymatic function. The trypanosome TR structure brings to light critical features of the earliest TRs within eukaryotes, revealing that the functional requirement of two TR domains for telomerase enzymatic function is an ancestral attribute of the unique telomerase enzyme.
MATERIALS AND METHODS

Cloning of TERT and TR genes
The tbrTERT and tbrTR genes were directly PCR amplified from genomic DNA (a generous gift from Dr. Juan Alfonzo) and cloned into pCITE-4a (Promega) and TOPO (Invtrogen) vectors, respectively. The tbrTERT gene was appended with an N-terminal FLAG tag to generate pNFLAG-tbrTERT.
Reconstitution of telomerase enzyme
Recombinant tbrTERT protein was synthesized from pNFLAG-tbrTERT in a 5 l reaction of TnT Quickcoupled transcription/translation kit (Promega) at 30
• C for 1 h, following the manufacturer's instructions. Various tbrTR RNA fragments were in vitro transcribed, gel purified and added at a final concentration of 1 M to assemble with tbrTERT in RRL at 30
• C for 30 min.
Telomerase activity assay
Telomerase activity was measured by the direct primerextension activity assay (29) . A 10 l reaction was performed with 2 l in vitro reconstituted T. brucei telomerase in 1x telomerase reaction buffer (50 mM Tris-HCl, pH 8.3, 2 mM DTT, 0.5 mM MgCl 2 , 1 mM spermidine), 100 M dTTP, 100 M dATP, 5 M dGTP, 0.165 M ␣-32 P-dGTP (3000 Ci/mmol, 10 mCi/ml, Perkin-Elmer) and 1 M (TTAGGG) 3 DNA primer. The reaction was incubated at 30
• C for 1 h and terminated by phenol/chloroform extraction followed by ethanol precipitation. The telomerase extended products were electrophoresed on a 10% polyacrylamide/8 M urea denaturing gel, and the dried gel was exposed to a phosphorstorage screen and analyzed with a Molecular Imager FX-Pro (Bio-Rad). Total activity was normalized to the loading control and the relative activity was determined by normalizing the total activity to that of the reaction with the longest or the wild-type tbrTR fragments.
SHAPE analysis
The minimal tbrTR 5 -or 3 -fragments were PCR amplified with primers to append the 5 -and 3 -ends with SHAPEspecific adapter sequences, as previously described (30) . These PCR products were used as templates for in vitro transcription, gel purified, and ethanol precipitated. Two picomoles of each purified minimal tbrTR fragment with SHAPE adapters was denatured in 0.5X TE buffer (pH 8.0) at 95ºC for 2 min and immediately placed on ice for 2 min. The RNA was supplemented with a final concentration 1x RNA folding mix (100 mM HEPES, pH 8.0, 6 mM MgCl 2 and 100 mM NaCl), incubated at 30
• C for 20 min, and divided in half. The RNA was treated with either 6.5 mM N-methylisatoic anhydride (NMIA) (Sigma) in anhydrous DMSO or DMSO alone, incubated at 30
• C for 1 h and 25 min (five NMIA hydrolysis half-lives), and ethanol precipitated. One picomole of 32 P end-labeled primer was added to the RNA samples in 0.5X TE buffer, pH 8.0 and incubated at 65
• C for 5 min, 35
• C for 5 min, and then placed on ice. The mixture was supplemented with 1X SuperScript III First-strand buffer (50 mM Tris-HCl, pH 8.3, 75 mM KCl and 3 mM MgCl 2 ), 5 mM DTT, 0.5 mM each dNTP and 0.75 mM ddGTP or ddATP for the untreated RNA, followed by incubation at 52
• C for 1 min, addition of 100 U SuperScript III RT (Life Technologies), and incubation at 52
• C for 10 min. Alkaline hydrolysis was performed with a final concentration of 200 mM sodium hydroxide with incubation at 95
• C for 5 min and stopped by the addition of Acid Stop solution (77 mM unbuffered TrisHCl, 32% formamide and 8 mM EDTA) with incubation at 95
• C for 5 min. The DNA products were resolved on a 6.8% polyacrylamide/8M urea denaturing gel. The gel was dried, exposed to a phosphorstorage screen, and imaged on a phosphorimager FX-Pro (Bio-Rad). Absolute reactivity was determined following the criteria described previously Nucleic Acids Research, 2016, Vol. 44, No. 20 9893 (30) . Briefly, NMIA reactivity was normalized by subtracting the lowest intensity value from all positions, followed by subtracting the intensity values of the DMSO control from the corresponding NMIA reaction.
Sequence alignment analysis
Corresponding genomic regions to the tbrTR (26) were excised from T. congolense (GenBank CAEQ01001861), T. vivax (HE573027) and T. cruzi (CH473328) genome data. The 5 -and 3 -ends of the other Trypanosome TRs sequences were defined by the helix forming the box C/D at the termini. Multiple alignment of these four Trypanosome TRs was performed within the program BioEdit using the ClustalW algorithm for the first-pass of the alignment. The alignments were further refined manually with highly conserved regions and known motifs as anchor points and covariation of predicted helices supported by SHAPE analysis. Co-variations were limited to Watson-Crick base-pairs and G:U pairings were treated as neutral variations.
Identification of Trypanosoma grayi TR
Each strand of the draft genome of Trypanosoma grayi (31) was analyzed with a search pattern generated in the Fragrep2 program (32) from the multiple sequence alignment of the four Trypanosome TRs annotated for regions of high conservation. The single hit for the T. grayi TR sequence was obtained from the T. grayi genome database and added to the Trypanosome TR multiple sequence alignment.
RESULTS
In vitro reconstitution of functional T. brucei telomerase
To discern the functional core within TR from early diverging flagellates, we reconstituted T. brucei telomerase enzyme by assembling in vitro synthesized tbrTR and tbrTERT in rabbit reticulocyte lysate (see Materials and Methods). Three tbrTR variants have been previously reported with distinct sizes of 892, 1358 and 1506 nt ( Figure 1A ), transcribed from a single locus with separate initiation and termination sites (25, 26) . All three tbrTR variants harbor the 11-nt template sequence for the synthesis of exact 5 -TTAGGG-3 telomeric DNA repeats ( Figure 1A ). We investigated whether these tbrTR variants assemble with the tbrTERT protein and reconstitute telomerase activity in vitro. A primer extension assay of telomerase enzymes reconstituted with the three individual TR variants, tbrTRv1, -v2 and -v3, using the DNA primer 5 -(TTAGGG) 3 -3 showed similar levels of activity with the characteristic 6-nt ladder banding pattern ( Figure 1B , lanes 2-4). Thus, the larger tbrTR-v2 and -v3 variants do not appear to contain any additional elements necessary for telomerase activity in vitro and the shorter tbrTR-v1 variant is sufficient to associate with the TERT protein and reconstitute a full-level of activity.
The reconstituted T. brucei telomerase activity was dependent on the presence of tbrTR and tbrTERT ( Figure 1C , lanes 2-4). As expected, the reconstituted activity was sensitive to high-temperatures or RNase A-treatment ( Figure  1C , lanes 5 and 6) that are typical features of a telomerase Telomerases reconstituted with tbrTR-alone, tbrTERT-alone, treated with RNase A or 90 • C heat denaturation were analyzed to control for the specific activity of the T. brucei telomerase RNP enzyme. Human telomerase reconstituted in vitro with hTR and hTERT was included for comparison of ladder-banding patterns. (D) Activity analysis of T. brucei telomerase using permuted DNA primers. The permuted sequences of the telomeric DNA primers are denoted with the expected primer-extended products depicted (lowercase). The +0 product resulted from the nucleolytic activity of T. brucei telomerase is only apparent with the 5 -(TTAGGG) 3 -3 primer. A 32 P-end-labeled 18-mer DNA primer was added prior to product purification as a loading control (l.c.) for DNA product recovery and loading. The number of nucleotides added to the primer are denoted beside the gel and the relative activity shown below the gel.
RNP enzyme. The faint background bands in the TERTalone control reaction was likely from TERT using nonspecific RNAs in the RRL as template ( Figure 1C , lane 2), as this background activity was completely eliminated with the inclusion of RNase-A ( Figure 1C , lane 5). The 6-nt ladder banding pattern of products generated by the reconstituted T. brucei telomerase was two nucleotides offset from human telomerase ( Figure 1C , lanes 1 and 4), consistent with the two nucleotide permutation of the tbrTR template sequence, 3 -AUCCCAAUCCC-5 , compared with the human TR (hTR) template sequence, 3 -CAAUCCCAAUC-5 . When assayed using telomeric DNA primers with the six permutated sequences, T. brucei telomerase generated similar levels of activity with the expected offset banding patterns ( Figure 1D ), indicating correct primer-template alignment and specific template usage. Interestingly, a +0 prod-uct was generated exclusively with the 5 -(TTAGGG) 3 -3 primer, presumably through the removal of the 3 -terminal dG by intrinsic nucleolytic activity of T. brucei telomerase followed by the incorporation of an ␣-32 P-dGTP residue ( Figure 1D , lane 1). Similar nucleolytic activity has been reported for human and ciliate telomerases (33, 34) Together, these data demonstrate the first in vitro reconstitution system for telomerase from T. brucei, an early diverging flagellate.
T. brucei TR contains two structural domains required for enzymatic activity
To identify regions within tbrTR necessary and sufficient for reconstituting telomerase activity, we carried out serial truncation analysis of the 892 nt tbrTR-v1 by shortening the RNA from either the 5 -or 3 -terminus (Figure 2A , top). Five truncated tbrTR fragments, termed A to E, were generated at ∼150 nt intervals with each fragment retaining the essential template sequence. These tbrTR truncated fragments were assembled with the tbrTERT protein in RRL and assayed for telomerase activity by direct primerextension using the primer 5 -(TTAGGG) 3 -3 ( Figure 2A , bottom). Fragments A, B and C with 3 -end serial truncations had severe defects for reconstituting telomerase activity, retaining merely 30-40% of full activity (Figure 2A , bottom, lanes 1-4). This result suggests that an element within tbrTR near the 3 -terminus is critical for telomerase activity. Fragment D, with the first 150 nt deleted, assembled efficiently with tbrTERT and generated an elevated level of activity compared with tbrTR-v1 (Figure 2A , bottom, lanes 1 and 5), indicating that the first 150 nt are dispensable for telomerase activity. The increased activity accompanying the 5 truncation in fragment D potentially resulted from improved RNA folding of this RNA fragment in vitro. In contrast, fragment E, with the first 291 nt deleted, failed to reconstitute any detectable activity (Figure 2A , bottom, lane 6). Thus, the region between residues 151 and 291 of tbrTR-v1 contains an element(s) crucial for telomerase activity.
Vertebrate and fungal TRs comprise two separate structural domains, a template-proximal core and a templatedistal element (8) , that bind independently to TERT and are absolutely essential for telomerase enzymatic function. To determine whether tbrTR constitutes two distinct structural domains that can reconstitute telomerase activity in trans, we separated the minimal tbrTR fragment D into two shorter RNA fragments, the 5 fragment 5F1 that contained residues 151 to 700 and the 3 fragment 3F1 that contained residues 701 to 892 ( Figure 2B, top) . Interestingly, T. brucei telomerase reconstituted from the two physically separate RNA fragments 5F1 and 3F1 generated a level of activity similar to the single fragment D ( Figure 2B , bottom, lanes 1-2). This result indicates that the two tbrTR fragments can reconstitute full activity in trans. Functional analysis of additional 5 and 3 truncated fragments in different combinations identified a functionally dispensable region spanning residues 501 to 700, as fragments 5F3 (residues 151 to 500) together with 3F1 (residues 701 to 892) reconstituted full activity ( Figure 2B, lane 5) . Unexpectedly, the larger fragment 5F2 (residues 151-600) together with fragment 3F1 reconstituted merely 58% of full activity ( Figure 2B , lane 3) that may have resulted from suboptimal folding of the 5F2 fragment compared to the shorter 5F3 fragment. As a control, the largest 5 and 3 fragments, 5F1 and 3F3, were assayed individually. Consistent with our previous results with fragments A through C (Figure 2A ), the fragment 5F1 alone reconstituted ∼30-40% activity compared to fragment D ( Figure 2B , lane 6), while fragment 3F3 that lacked the template sequence did not generate any discernible activity ( Figure 2B, lane 7) . This result demonstrates that tbrTR contains two discrete structural domains that independently associate with the TERT protein in trans, a feature commonly conserved across vertebrate and fungal TRs.
To further map the essential regions within the minimal 5 fragment 5F3, we introduced truncations at ∼50 or 15 nt intervals from either the 5 -or 3 -termini ( Figure 3A, top) . These serially truncated 5F3 fragments, -a to -g, were assembled in trans with fragment 3F1 and the tbrTERT protein, then assayed for telomerase activity. The activity assay revealed fragment 5F3-g (248-449 nt) as the minimal 5F3 fragment for generating functional T. brucei telomerase ( Figure 3A , bottom, lane 9). Additional 5 -or 3 -deletions of the 5F3 fragment within the region spanning residues 248-449 severely impaired activity ( Figure 3A , bottom, lanes 3, 7 and 8). Interestingly, the 5F3-g fragment generated significantly greater activity than the parental 5F3 fragment, conceivably by removing regions that were poorly folded or otherwise interfered with proper assembly of the RNA with the TERT protein ( Figure 3A , bottom, lane 9).
Our truncation analysis of tbrTR successfully identified two minimal regions that are sufficient for telomerase enzymatic function: the template-containing region, residues 248-449 of fragment 5F3-g and the template-distal region, residues 701-892 of fragment 3F1. To determine whether these two regions fold into stable secondary structures similar to the pseudoknot and CR4/5 domains that are conserved throughout vertebrate and fungal TRs, we performed computational analysis of these sequences using the mFold program (35) to predict possible secondary structures. For the template-containing fragment 5F3-g, the template sequence was constrained as single-stranded and the template-flanking sequences were predicted to form three helical regions, termed Helix-I, -II and -III ( Figure 3B, top) . The template-distal fragment 3F1 was predicted to form a singular, extended stem-loop structure ( Figure 3C, top) .
We then performed structure-based truncation analyses on fragments 5F3-g and 3F1 to further minimize these two essential regions. We first introduced helical truncations into fragment 5F3-g to increasingly remove portions of the putative Helix-I, generating H1-1, -2 and -3 ( Figure  3B, top) . The H1-1 and -2 RNA fragments, together with the 3F1 fragment and tbrTERT, reconstituted significant telomerase activity at 64% and 95% of the parental fragment 5F3-g, respectively, ( Figure 3B, bottom, lanes 1-3) . In contrast, the H1-3 fragment--with most of Helix-I removed--failed to generate any detectable activity ( Figure  3B, bottom, lane 4) . Additional truncations or mutations introduced to the tbrTR H1-2 RNA fragment abolished telomerase activity (Supplementary Figure S1) . This suggests that the tbrTR H1-2 RNA fragment contains the minimal region of the putative Helix-I essential for telom- The tbrTR fragment D was divided and truncated to generate the 5F and 3F fragments. (Bottom) Activity assay of telomerase reconstituted from the tbrTR 5F and 3F truncated fragments in various combinations. The minimal tbrTR fragments that generated the full activity are shaded in grey. A 32 P-end-labeled 18-mer DNA primer was added prior to product purification as a loading control (l.c.) for DNA product recovery and loading. The number of nucleotides added to the primer are denoted beside the gel with the relative activity shown below the gel. Numbers above the tbrTR and fragment D schematics denote the nucleotide position within the RNA. erase function. Similar helical truncations were introduced into the base of the 3F1 putative stem-loop to generate the four fragments, 3F1-a to -d ( Figure 3C, top) . Of the telomerases reconstituted with these 3F1 truncated RNA fragments, together with the 5F3 fragment and tbrTERT, fragment 3F1-c that spanned residues 781-819 represented the minimal region as it reconstituted activity similar to the parental 3F1 fragment ( Figure 3C , bottom, lane 4). Fragments 3F1-e and -f had residues 795-806 and 786-814, respectively, replaced with a GAAA tetraloop to stabilize the truncated helical structures. These 3F1 fragments produced background telomerase activity similar to the 5F3 fragment alone ( Figure 3C, bottom, lanes 6-8) . Thus, the majority of the putative 3F1 stem-loop is dispensable, with merely the 39 nt apical stem-loop essential for optimal telomerase activity.
Secondary structure determination of T. brucei TR core domains
We then sought to validate and improve the predicted secondary structure of the two minimal tbrTR functional domains by chemical probing as well as phylogenetic comparative sequence analysis. For chemical probing, we initially performed selective 2 -hydroxyl acylation analysis by primer extension (SHAPE) assay on in vitro T7 transcribed RNA fragments of tbrTR to probe for the flexible unpaired regions in the folded RNA. The 202 nt 5F3-g and 46 nt 3F1-b RNA fragments were synthesized with SHAPE adapter stem-loops appending the 5 -and 3 -ends for primer annealing and down-stream analysis (Supplementary Figure S2A and S2C). The synthesized RNA fragments were folded in vitro independently, treated with N-methylisatoic anhydride (NIMA) that chemically modifies the 2 -hydroxyl of unpaired bases, and analyzed by primer extension to identify the NIMA-modified, unpaired residues in the folded RNA ( Figure 4A and B, Supplementary Figure S2B and S2D). These SHAPE chemical probing data were then used to improve the predicted secondary structures of the two minimal tbrTR functional domains. The template-harboring tbrTR fragment, herein termed the template core domain, comprises three helices, Helix-I, -II and -III ( Figure 4C ). The template-distal domain is termed the eCR4/5 domain as it is functionally equivalent to the vertebrate and fungal CR4/5 domain (8), yet structurally distinct by comprising a stem-loop with an internal loop separating two base-paired regions, termed Helix-IVa and -IVb ( Figure 4C ).
Beyond the SHAPE structural probing, we performed phylogenetic comparative co-variation analysis with the sequences of available trypanosome TR homologs (25, 26) to lend support for the base-paired helical regions in the folded RNA. In addition to the four recently identified trypanosome TR species, we identified a TR homolog from the draft genome of the African crocodilian trypanosome T. grayi (31) . T. grayi TR was identified using the Fragrep2 program (32) and a position weight matrix derived from the sequence alignment of the four known trypanosome TR species (see Materials and Methods). This putative TR from T. grayi is seemingly authentic based on the presence and position of the box C and D sequence motifs, the invariant 11-nt template sequence 3 -AUCCCAAUCCC-5 , and comparable overall sequence conservation (Supplementary Figure S3) . From the multiple sequence alignment of these five trypanosome TR sequences, we identified nucleotide co-variations that provide strong support for three basepaired regions, Helix-II and -III and -IVa, in the secondary structures of the two tbrTR domains ( Figure 4C ). However, phylogenetic comparative sequence analysis did not reveal any nucleotide co-variations to support Helix-I in the template core domain or Helix-IVb in the eCR4/5 domain, which were supported by the SHAPE data ( Figure  4A and B, Supplementary Figure S2B and S2D) . The overall architecture of the tbrTR template core domain resembles the ciliate TR secondary structure, containing a coreenclosing helix I, a template-adjacent stem-loop helix II and a stem-loop helix III downstream of the template (17) (Figure 4C) . The template-distal eCR4/5 domain however, is located at a great distance from the template core domain, resembling more the vertebrate-fungal CR4/5 and echinoderm eCR4/5 domains (8, 10) . In contrast, the ciliate TR helix IV is located immediately adjacent to helix I in the highly compact TR structure (36) .
Functional characterization of T. brucei TR core domains
With this secondary structure model, we then proceeded to investigate the specific function for each of these helical regions within the template core and eCR4/5 domains by mutagenesis analysis and functional assay. The functional analysis of tbrTR Helix-I indicated that the basal portion of this helix is crucial for T. brucei telomerase activity, as any mutations or truncations that disrupted the base-paired region or removed part of Helix-I abolished activity (Supplementary Figure S1 ). The template-adjacent stem-loop in known TRs functions as a template boundary element to ensure proper DNA synthesis termination at the end of the template (8, 10, (37) (38) (39) . To investigate the necessity of tbrTR Helix-II in the template core domain for telomerase activity and template boundary definition, we replaced the apical loop and terminal stem-loop of Helix-II with a GAAA tetraloop to generate mutants H2-L and -LAS, respectively ( Figure 5A, top) . Additionally, we introduced disruptive and compensatory mutations into the apical stem of Helix-II to generate mutants H2-m1, -m2 and -m3, or into the basal stem to generate mutants H2-m4, -m5 andm6 ( Figure 5A, top) . The reconstituted telomerase mutants were examined for activity and template boundary bypass due to disruption of the boundary element. Unexpectedly, none of the active Helix-II mutants were defective in template boundary definition, as these mutant enzymes gener- Figure S2 ). The plot denotes high (dark blue), low (light blue) and no (black) NMIA reactivity. Nucleotide position in tbrTR-v1 variant and secondary structural features are labeled. (C) Secondary structure of tbrTR core domains inferred from SHAPE and phylogenetic co-variation analyses. Individual residue flexibility (high, dark blue dots; low, light blue dots) probed by SHAPE analysis are mapped onto the secondary structure. The absolute conservation of specific nucleotides (red) and co-variations (black bars) were derived from the multiple sequence alignment of five trypanosome TRs (Supplementary Figure S3 ). The nucleotide positions are based on the numbering of the tbrTR-v1 variant. The length of the intervening sequences between the functional regions of tbrTR is denoted. The region corresponding to the minimal tbrTR H1-2 and 3F1-c fragments are termed 'template core' and 'eCR4/5' domains, respectively. and apical stem-loop (H2-LAS) were capped by a tetraloop GAAA. Disruptive (-m1, -m2, -m4 and -m5) and compensatory (-m3 and -m6) mutations were introduced to the two base-paired regions of Helix-II. (B) (Top) Truncations of the Helix-III apical loop (H3-L1 and -L2) were capped by tetraloops GAAA or UUCG, respectively. Helix-III was removed from the tbrTR template core (T-core) fragment to generate H3-1, and replaced with either 2 or 12 rU residues to generate H3-2 and -3, respectively. (C) (Top) Disruptive and compensatory mutations introduced into the Helix-IVb. (A-C, bottom) Activity assays of T. brucei telomerase reconstituted from tbrTR fragments with mutations in Helix-II, Helix-III and Helix-IVb. A 32 P-end-labeled 18-mer DNA primer was added prior to product purification as a loading control (l.c.) for DNA product recovery and loading. The number of nucleotides added to the primer are denoted beside the gel with the relative activity shown below the gel. ated the hallmark 6-nt ladder banding pattern of products ( Figure 5A, bottom) . Interestingly, mutant H2-LAS practically abolished activity ( Figure 5A, bottom, lane 3) , while mutant H2-L had no significant effect ( Figure 5A , bottom, lane 2), indicating that the Helix-II apical loop is dispensable and apical stem is critical for TR function. Mutants H2-m1, -m2, -m4 and -m5 that disrupted base-paired regions of Helix-II severely reduced activity ( Figure 5A , lanes 4, 5, 7 and 8), while the compensatory mutants H2-m3 and -m6 restored the base-paired helical structure and effectively rescued activity ( Figure 5A, lanes 6 and 9) . This suggests that the helical structure and not the specific sequence is critical for telomerase activity. Helix-II would seem to be important for TERT binding, or the overall architecture of the tbrTR, and not simply a template boundary element. We then investigated whether the distance between the template and Helix-II is important for template boundary definition. Three cytidine residues were inserted into the linker between the template and Helix-II to generate the Ins-2 mutant. Reconstitution of T. brucei telomerase with the Ins-2 mutant resulted in template bypass and usage of the template flanking uridine and adenosine residues as template (Supplementary Figure S4, lanes 1 and 3) . Mutant Ins-1 with a similar three cytidine insertion into Helix-I severally damaged reconstituted activity, consistent with the functional importance of Helix-I (Supplementary Figure S4, lane 2) . Thus, the template boundary within tbrTR is dependent on the length of the linker between the template and Helix-II.
The third stem-loop, Helix-III, within the template core domain appears to be dispensable. Numerous disruptive mutations introduced to Helix-III did not affect the activity of reconstituted telomerase (data not shown). We then investigated whether T. brucei telomerase activity would be affected by the elimination of the entire Helix-III from tbrTR. The apical loop of Helix-III was replaced by a GAAA or UUCG tetraloop to generate H3-L1 and -L2, respectively ( Figure 5B, top) . Additionally, Helix-III was completely removed and subsequently replaced by various rU residues to generate mutants H3-1, -2 and -3. The mutants H3-L1 and -L2 that had the Helix-III apical loop removed still reconstituted telomerases with a high level of activity ( Figure 5B, lanes 2 and 3) . In contrast, the complete removal of Helix-III in the H3-1 mutant completely abolished activity ( Figure 5B, lane 4) . The insertion of 2 rU residues in the H3-2 mutant slightly rescued activity, while the replacement of Helix-III with 12 rU residues in the H3-3 mutant substantially restored activity ( Figure 5B , lane 4-6). Therefore, Helix-III does not seem crucial for tbrTR function, yet a minimal number of residues connecting the flanking regions of Helix-III seem necessary.
Nucleic Acids Research, 2016, Vol. 44, No. 20 9899 The template-distal eCR4/5 domain of tbrTR forms a unique structural element, functioning for the stimulation of telomerase activity. This esoteric structure harbors a short putative three base-pair stem, Helix-IVb, that is located between the large apical and internal loops ( Figure  4C ). The absolute conservation of this putative three basepair helix impedes co-variation sequence analysis (Supplementary Figure S3C ). To determine the requirement of this exceedingly short helix for the function of tbrTR eCR4/5, we performed disruptive and compensatory mutagenesis of these three base-pairs ( Figure 5C, top) . Disruption of these base-pairings by mutagenesis of either strand abolished the stimulatory effect of eCR4/5, resulting in telomerase activity similar to the omission of eCR4/5 ( Figure 5C, lanes 2, 3  and 5 ), while the compensatory mutation of both strands restored these base-pairings and rescued the lost activity (Figure 5C, lane 4) . Thus, the tbrTR eCR4/5 domain relies on its peculiar structure for the stimulation of telomerase activity.
DISCUSSION
Discerning the common ancestral features and the origins of TR has remained a daunting challenge. The scarcity of 'molecular fossils' is further compounded by the rapid evolution and diversification of TRs, complicating the very identification and structure determination of TRs from groups of species outside of vertebrate, yeast and ciliate lineages. Nonetheless, there has been considerable progress in determining the common ancestral TR features for metazoans and fungi following the identification and structure determination of filamentous fungal TRs (8) . The vertebrate CR4/5 domain was found to be well-conserved throughout the expansive fungal clade, Pezizomycotina, and even within fission yeast TR. The conservation of CR4/5 within fungal and vertebrate TRs supports a common ancestor with a domain similar to CR4/5 ( Figure 6 ). Moreover, budding yeast TRs with a more degenerate threeway-junction of helices in place of CR4/5 are likely an evolutionary offshoot (15) . However, there has remained a large discrepancy and unresolved evolutionary connection amongst the metazoan-fungal lineage--with their large TRs comprising two distinct structural domains that can function in trans (8, 40, 41) --and the highly-compact and diminutive ciliate TRs that function poorly in trans compared to a single fragment (42) . To resolve the disparity amongst TRs from the ciliated protozoan and metazoanfungal lineages and discern the features of the common ancestral TR for eukaryotes, we have determined the minimal TR functional domains from the early emerging eukaryote, the flagellated protozoan T. brucei.
Flagellate TR comprises two distinct structural domains that are together required for full activity and are located ∼350 nt apart within the RNA (Figure 4C ), similar to that of the TRs from the metazoan-fungal lineage ( Figure  6 ). These two structural domains can be excised from the vastly larger, ∼1000 nt, tbrTR and are presumably bound by the tbrTERT protein in trans as separate RNA fragments ( Figure 2B ). The commonality of these functional features within flagellates, vertebrates and fungi strongly supports the common ancestor for TRs similarly comprised (28) . TR in most species is transcribed by RNA pol II (green) with a specific and unique transition event to RNA pol III (dashed line, arrow) within the ciliate lineage (orange). TR size variation is denoted below each group of species. (Right) Schematic secondary structures of the two TR core domains. Within the two TR core domains, elements that are absolutely required for basal telomerase activity are denoted (red) and generally comprise the template core domain along with the CR4/5 domain for vertebrates, filamentous fungi and fission yeasts (8) . Elements that increase telomerase activity above basal activity (blue) and dispensable regions within the TR for activity in vitro (black) are denoted. Ciliate TR requires helix IV in cis for full activity and the apical stem-loop of helix IV generates only partial activity in trans (42) . Variable regions are depicted as dashed lines within the structure. The common structure of TR core domains from metazoans, fission yeast and filamentous fungi is depicted.
two structural domains that are separated by a variable distance within the endogenous RNA and can function with the TERT protein either in cis as a single RNA transcript or in trans as two independent RNA fragments.
A template-proximal pseudoknot structure with a critical triple helix has been a defining feature of TRs. However, the early diverging trypanosome TRs lack apparent pseudoknot structures ( Figure 4C ) and ciliate TR pseudoknots are weakly-defined structures with few base-pairings, which is functionally dispensable for in vitro ciliate telomerase activity (43) . This suggests that the TR pseudoknot structure progressively evolved along the metazoan-fungal lineage to become functionally essential for telomerase enzymatic activity (44, 45) . Extensive phylogenetic comparative sequence analysis in the sequence flanking the tbrTR Helix-III--the most likely region for the formation of a similar pseudoknot structure within trypanosome TR--did not reveal convincing nucleotide co-variations to support a pseudoknot structure, as opposed to the higher conservation and co-variations within the simple pseudoknot structures of ciliate TRs (Supplementary Figure S5) . Moreover, we found no empirical support for a pseudoknot structure by SHAPE analysis ( Figure 4A, Supplementary Figure S2B ) and the entire Helix-III is dispensable for the reconstitution of T. brucei telomerase activity ( Figure 5B) . Nonetheless, T. brucei Helix-III may potentially form base-triples with the flanking regions in the apparent absence of a pseudoknot structure as TR pseudoknot structures from fungi and vertebrates possess higher-order base-triples that are crucial for telomerase function (44) (45) (46) and further tertiary structural analysis would be necessary. These results suggest that the common ancestral TR lacked a complicated pseudo-knot structure, or even any pseudoknot structure, and later acquired this critical structure and triple helix feature over the course of evolution ( Figure 6 ).
The second critical TR domain for telomerase activity is the template-distal stem-loop moiety, the CR4/5 domain in vertebrates and fungi. The tbrTR structure comprises an eCR4/5 domain--functionally equivalent to the vertebratefungal CR4/5 domain--which is capable of assembling with tbrTERT in trans for telomerase enzymatic activity ( Figure 6 ). However, the tbrTR eCR4/5 domain contains an important three base-pair helix flanked by large apical and internal loops (Figure 4C ), lacking the implied metazoanfungal common ancestral TR three-way-junction of helices. The omission of the metazoan-fungal P6.1 stem-loop correlates with the reduced requirement of the tbrTR eCR4/5 domain for telomerase activity, merely functioning to stimulate activity and is similar to the echinoderm template-distal stem-loop moiety (10) . This would strongly suggest that the specific CR4/5 structure, with the absolutely essential P6.1 stem-loop, likely emerged along the metazoan-fungal lineage ( Figure 6 ).
The ancestry of two distinct structural domains located at a distance within the RNA suggests that ciliate TRs are divergent with more unique and non-conserved features. Ciliate TR helix IV reconstitutes limited telomerase activity in trans (42) and is possibly a functional analog of the eCR4/5 and CR4/5 domains. This reduced functionality of ciliate helix-IV is presumably from weaker TERT protein affinity (42), a potential consequence of the compact size of ciliate TR--at only 140-210 nt in length--and the close proximity of helix IV to the template core domain. The proper positioning of the ciliate Helix-IV apical loop in the telomerase RNP complex requires ciliate-specific helical bending induced by p65 protein binding (36, 47) . The dramatic diminution of ciliate TRs is likely a repercussion of the evolutionary transition for TR synthesis from RNA pol II to pol III. RNA pol III transcribes specifically small RNAs and terminates transcription at poly(U) tracts that would have truncated an ancestral and presumably larger ciliate TR gene at U-rich sites. It is highly conceivable that an ancestral CR4/5 or eCR4/5 element would lie downstream of a U-rich site and therefore would have been lost in the RNA pol II to pol III transition event.
The tbrTR template core domain alone generates a basal level of telomerase activity ( Figure 2B, lane 6) . The ancestral ciliate TR template core domain presumably also retained a basal level of activity that would have facilitated the convergent evolution of ciliate Helix IV as a de novo analog emerged to substitute for the lost CR4/5 or eCR4/5 domain. In addition to flagellate TR, echinoderm TRs also generate significant telomerase activity without their respective template-distal eCR4/5 domains (10). However, ciliate telomerase is highly dependent on the presence of helix IV, the loss of helix IV virtually abolishes enzymatic activity (42) . While potentially possible--yet seemingly implausible, ciliate TR may have sufficiently contracted in size and lacked internal U-rich tracts before the transition to RNA pol III to retain its ancestral eCR4/5 element. This would suggest that ciliate helix IV is a highly degenerate CR4/5 or eCR4/5 element that lost independent binding functionality. Regardless of the transition pathway to RNA pol III, ciliate TRs appears to be evolutionary outliers.
Determining the minimal flagellate TR structural domains has resolved the sharp divide amongst the implied metazoan-fungal common ancestor and the divergent ciliate TRs. The functional conservation of two distinct structural domains in flagellate TR brings a glimpse of the ancient progenitor TR and the emergence of the ubiquitous telomerase enzyme. The common ancestor for TR would have emerged with two TERT binding domains, comprising a template core and distal stem-loop moiety. The template core domain putatively functions for positioning the template within proximity to the TERT active site and the template-distal stem-loop moiety possibly functions to reinforce the TERT active site itself, demonstrating the interdependence between TR and TERT for telomerase RNP assembly and enzymatic function.
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